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Abstract
We present results of density functional theory calculations on the lithium (Li) ion
storage capacity of biphenylene (BP) membrane and phagraphene (PhG) which are
two dimensional defected-graphene-like membranes. Both membranes show a larger
capacity than graphene, Li2C6 and Li1.5C6 compared to LiC6. We find that Li is very
mobile on these materials and does not interact as strongly with the membranes. In
the case of BP we also investigated the possible volume expansion on Li insertion. We
find a 11% expansion which very similar to the one found in graphite. Our findings
show that both membranes are suitable materials for lithium ion battery anodes.
Introduction
Carbon (C) based materials have been widely pursued over the last decades as energy storage
materials. Graphite is currently used commercially used as an anode material in rechargeable
lithium (Li) ion batteries. It is low in cost, has a low and flat voltage range, high Coulombic
efficiency, good cyclability and a small volume change on Li insertion.1–3 Graphite can store
lithium at a capacity of one Li atom per six C atoms, LiC6, which corresponds to a specific
capacity of 372 mAh/g.4
2D layered defected or porous graphene-like membranes have become quite popular in
recent years as possible anode materials. Their layered structure should permit the Li to
intercalate during the charging process between the layers. The defects or pores in the
membrane can also offer sites for the Li to reside within the membrane plane, which should
have a positive effect on the change in volume during intercalation and result in an acceptable
volume change which is comparable to that of 10% in graphite.5 The porous materials often
have uniform pores which can act as active sites for Li adsorption to increase capacity. If
the defects or pores are large enough, that is they are the size of the ion or larger, they could
also facilitate high Li mobility through the layers of the material.
One new exciting porous carbon material is graphdiyne6 which is made of 2D layers of sp-
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and sp2-bonded carbons and has been investigated as possible anode materials for lithium ion
batteries.7,8 Sun et al.8 predicted via density functional theory calculations that graphdiyne
could provide a capacity of 744 mAh/g (LiC3) and excellent mobility for lithium diffusion
parallel to the membrane as well as between layers perpendicular to the membrane. The
theoretical prediction of the enhanced properties of graphdiyne over graphene has recently
been confirmed by experiment. Huang et al.9 obtained reversible capacities of up to 520
mAh/g after 400 cycles at a current density of 500 mA/g and 420 mAh/g after 1000 cycles
at an even higher current density of 2 A/g. In two very recent theoretical studies graphdiyne
was also suggested as an anode material for sodium ion batteries.10,11 These theoretical
finding have also been confirmed by an experimental study.12
Graphenylene, also denoted as BPC, is a possible isomerization product of graphyne13,14
and was predicted to be stable over 40 years ago by Balban.15,16 A few years ago Brunetto
et al.17 proposed that BPC could be synthesized via dehydrogenation of porous graphene.18
Since Brunetto et al.’s study BPC in the form of nanotubes and fullerenes has also been
investigated.19,20 Song et al.21 studied BPC as a membrane for gas separation. Other the-
oretical studies showed that BPC has a small band gap of around 0.8 - 1.08 eV17,22 which
can be tuned by hydrogenation or halogenation.23 In two theoretical studies relevant to the
current study Yu24 and Hankel et al.25 investigated BPC as an anode material for lithium
ion batteries employing DFT. Both studies showed a larger capacity than graphite of Li3C6
and that both in-plane and out-of-plane barriers for lithium diffusion are small can be easily
overcome.
In addition to the above ordered porous 2D materials graphene with different defects has
been investigated intensively by theory.26,27,29–32 These studies found that defects in graphene
such vacancies and Stone-Wales defects, enhance the adsorption of Li on the membranes as
well as the charge transfer from the Li to the membranes. They also found that larger defects,
such as divacancies show a more significant enhancement in Li adsorption and capacity. Also,
the defect density plays a role, and a larger density of defects enhances the Li capacity of
4
the membrane.
In 2014 Mu¨llen and co-workers published the synthesis of isomeric graphene built from
biphenylene units.33 These new biphenylene (BP) membranes show six membered carbon
rings as well as four membered and eight membered carbon rings. The eight membered
rings are similar to a divacancy which has been found to increase Li capacity.26,27,29–32 BP
membranes have also been the subject of several theoretical studies.34–39 These have mainly
focused on the electronic properties of the BP membranes and its ribbons and nanotubes
where it was found that the pristine sheet is metallic with no band gap. Denis et al.38
investigated hydrogen storage on lithium and calcium decorated BP membrane. They found
that Li and Ca adsorb strongly in the eight membered rings making it a possible candidate
for an anode material for Li ion batteries with increased capacity.
In 2015 Wang et al.40 proposed a new carbon allotrope, phagraphene, composed of five,
six and seven membered carbon rings which features distorted Dirac cones and which was
confirmed to be stable via phonon analysis. Sun et al.41 then investigated the mechanical
properties and found it less stable than graphene under strain. Phagraphene represents a 2D
carbon membrane with a large density of defects and might therefore prove to be a suitable
candidate for a Li ion battery anode. To the best of our knowledge, neither BP membrane
nor phagraphene have been investigated as a Li ion battery anode material.
Methods
Calculation details
All calculations have been carried out with the Vienna ab initio Simulation Package (VASP).42,43
3D periodic boundary conditions were applied to simulate the infinitely large systems. A 20
A˚ vacuum space between sheets was set to prevent the interaction between two membrane
layers. The cell parameters for unit cell of BP were found to be a = 4.525 A˚ and b = 3.775
A˚. Lattice parameters for a unit cell of PhG are a = 8.09 A˚ and b = 6.65 A˚. The Brillouin
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zone for a 2 x 2 super cell of BP and unit cell of PhG was sampled by 4 x 4 x 1 k-points. The
electronic structure of the system was treated using the generalized gradient approximation
(GGA) with the PBE functional.44 The van der Waals interactions were added to the stan-
dard DFT description by Grimme’s D2 scheme.45 All calculations include spin polarization.
In all calculations the convergence parameters were 10−6 eV for the energy, 0.01 eV/A˚ for
the forces and an energy cutoff of 500 eV. A Gaussian smearing of 0.05 eV was applied.
Charge analysis was performed via Bader analysis,46–49 which included the core charges, and
charge density difference analysis within VASP.
To study the mobility of the Li on the two membranes we employed the climbing image
elastic band (CI-NEB)50,51 method within VASP. The parameters used were the same as in
the geometry calculations and one image was employed for each system studied. For the two
end points we selected final structures of the geometry calculations with a single Li atom.
The strength of the Li-Mem interaction, where Mem is the pristine membrane, is given
by the average adsorption energy, Eads,
Eads = (nE(Li) + E(Mem)− E(LinMem))/n (1)
where n is the total number of adsorbed Li atoms and E(Li), E(Mem) and E(Lin@Mem)
are the total energies of a single Li, the pure monolayer or bilayer membrane and the inter-
acting Li@Mem system, respectively. By this definition, a positive Eads indicates that the
interacting system is stable and that the adsorption of Li is favourable.
Figure 1: (a) 2 x 2 supercell of biphenylene (BP), (b) unit cell of phagraphene (PhG). Grey
balls represent carbon. The letters label sites that are referred to in the main text.
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For a material to be suitable as an anode material it has to meet certain requirements.
The lithium adsorption energy should be above that of bulk lithium, 1.63 eV,24,27 to avoid
clustering, and below about 3 eV to enable desorption.7 The so-called cohesive energy has
been calculated by theory similar to the one employed here24,27 and is in excellent agreement
with the experimental value of 1.63 eV.28 The specific and volumetric capacities should be
larger than graphite’s if it is to be of practical utility and the volume change on lithium
insertion should be small. In addition the membrane should retain its structural integrity.
In our calculations we employed monolayer membranes as well as a bilayer membrane
for BP. The monolayer calculations for BP employed a 2x2 supercell (containing 24 carbon
atoms) as shown in Fig. 1 while the calculations for monolayer PhG used a unit cell (con-
taining 20 carbon atoms). For BP there are three different types of ring, indicated as A, D
and G, in Fig. 1 (a), while for PhG there are four different types of ring, indicated as A, B,
D and E in Fig. 1 (b). In the first instance we placed a single Li at different positions on the
membranes. These included over the rings, bonds and carbon atoms. We then performed a
geometry optimization to find the preferred lithium adsorption sites for each membrane. To
calculate the Eads for different Li loadings first one Li atom was placed onto the membrane
over 12 different positions for BP, and nine for PhG, guided by the results from the single
Li adsorption calculations, and the geometry was optimized. Then the configuration with
the lowest energy was selected and another atom was placed at this configuration, again in
the remaining possible positions. This procedure was continued until all possible positions
were filled or the adsorption energy per Li was lower than the cohesive energy of Li which
we have taken as 1.63 eV.24,27
In the majority of our calculations we only consider a single sheet of the membrane with
only one sided adsorption. The rationale of such an approach is that in a layered material
the Li would insert between the layers. The membranes we consider in our study have an
interlayer distance of around 3 A˚ in a bulk system. This means that the Li will form a
“single” layer between the membrane sheets. If we now consider, for example a five layer
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system then Li can adsorb between the sheets as well as on top of the top layer and below
the bottom layer. If we now peel off the layers a single sheets we would find that the top
layer has Li on top and below, so Li on both sides. However, the second layer only has Li
below as the Li above have already been associated with the top layer. The same is true
for all the other layers. Considering this the top layer has Li adsorbed on both sides while
the other four layers have Li adsorbed only on one side. Therefore, we can consider the
capacity of a one sided loading as an approximation of the capacity in a bulk system where
the interlayer spacing is around 3 A˚. This is a good approximation if packing is the dominant
factor determining the loading, but is less reliable when bonding occurs.
To investigate the possible volume expansion in a multilayer system we use a bilayer
membrane. Here we insert the maximum loading that was found for the monolayer membrane
in between two layers of the membrane to see how far these two layers move apart due to
the inserted Li atoms. This expansion can then be taken as an upper bound to the possible
volume expansion of the material.
Results and discussion
Monolayer membranes
In the first instance we placed a single Li atom over positions A, G and D for BP and A, B,
D, E and F for PhG, to find the preferred binding site. For BP the preferred site indicated
as A in Fig. 1(a), see Fig. 2. Li adsorbs with an energy of Eads = 2.44 eV on site A on BP.
Figure 2(b) shows that there is no visible distortion to the membrane.
For PhG the preferred site is site A as shown in Fig. 1 (b). Li adsorbs with an energy
of Eads = 2.07 eV on PhG and as with BP there is no visible distortion to the membrane,
see Fig. 3. This is consistent with previous findings for Li adsorption in a divacancy and
high coverage Stone-Wales defects and Li adsorption on a BP membrane.26,27,29,30,32,38 Apart
from finding similar preferred positions we also find that the divacancy-like defect (A in Fig.
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Figure 2: BP with one Li adsorbed in the preferred position, A. (a) top view (b) side view.
Grey balls represent carbon and pink balls lithium.
1(a)) shows stronger adsorption then the Stone-Wales-like defect (A in Fig. 1(b)).
Figure 3: PhG with one Li adsorbed in the preferred position, A. (a) top view (b) side view.
Grey balls represent carbon and pink balls lithium.
For BP the adsorption energies of the other possible positions are, Eads = 2.15 eV and
Eads = 1.96 eV for positions D and G respectively. There are more distinct positions for
PhG and the adsorption energies are Eads = 2.00 eV, Eads = 2.02 eV and Eads = 1.96 eV
for positions B, E and D, respectively. This shows that the adsorption energies between the
different positions of the respective membranes are very similar. This may point to good Li
mobility on the monolayer membranes.
We now continue to add one more Li in all the still free possible positions to determine
the preferred adsorption for the next Li. We then take again the configuration with the
lowest energy and continue adding Li, one by one, until either all possible positions are filled
or the adsorption energy is lower than the cohesive energy.
For PhG we find that we can add up to five Li to the monolayer membrane with an
adsorption energy of Eads = 1.7 eV per Li, see Fig. 4. Adding one more Li will give an
adsorption energy that is too close to the cohesive energy of Li, 1.63 eV. For 5 Li we also
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checked other possible combinations of positions but found that the presented one is the
most stable configuration. For a loading of five Li on PhG we can now see some distortion
of the membrane.
Figure 4: PhG monolayer with on 5 Li adsorbed on the membrane. (a) top view (b) side
view. Grey balls represent carbon and pink balls lithium.
We find a higher loading for BP and no distortion to the membrane, see Fig. 5. This
could mean that BP would be more stable during charging and discharging than PhG. For
BP we can add up to eight Li with an adsorption energy of Eads = 1.83 eV. Here all eight
and six membered rings are filled by a Li while the four carbon rings (squares) are still
unoccupied. The bond length in Li2 is around 2.6 A˚ while the Li-Li distance in a Li crystal
is around 3 A˚. The Li-Li distance in the configuration of eight Li on BP is 2.95 A˚. Adsorption
energies well above the cohesive energy should ensure that the Li do not cluster. However,
adding more Li to this configuration will give much shorter Li-Li distances coupled with
adsorption energies much closer to the cohesive energy. We therefore did not proceed to add
more Li to the membrane.
Figure 5: BP monolayer with on 8 Li adsorbed on the membrane. (a) top view (b) side view.
Grey balls represent carbon and pink balls lithium.
These Li loading leads to capacities of Li1.5C6 for PhG and Li2C6 for BP which correspond
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to 487.47 mhA/g and 623.72 mhA/g specific capacities respectively. We should note here
that we include the lithium atoms in overall mass of the material. Both of these capacities
are larger than the capacity for graphite which is LiC6. The monolayer capacities therefore
provide promise that both membranes could be excellent candidates for lithium ion battery
anode materials.
These capacities can be compared to those found by Datta et al.29 for graphene with
divacancy and Stone-Wales defects. They investigated the Li storage capacities for different
defect densities. They report capacities of Li4.5C6 (Li18C24) for high density divacancy defects
(25%) and Li17C32 which is equivalent to Li3.1875C6, for high density Stone-Wales defect
coverage (100%). These should be considered in the context that Datta and co-workers
allowed Li coverage on both sides of the membranes. To compare the maximum capacity
for a divancacy defected membrane by Datta et al.29 to our current results and to test the
achievable capacity if we consider coverage on both sides of the membrane we have loaded
BP with eight Li on each side of the membrane. We find an adsorption energy of Eads = 1.85
eV per Li and only a small distortion to the membrane. This double sided coverage would
corresponds to a capacity of Li4C6 which is very close to the one reported by Datta et al.
29
Our results and those of Datta et al.29 indicate that in general divacancy-like defects lead
to higher Li storage capacities than Stone-Wales defects and both provide higher loadings
than those obtained with graphene sheets.
We can now look at the electron transfer from Li to the membranes. Figure 6 shows the
charge density difference for the BP membrane. From Fig. 6(a) we can see that the single Li
has transferred a significant part of its charge to the membrane. This is confirmed by Bader
charge analysis which show that the Li transfers about 0.89e− to the BP monolayer. Figure
6(b) shows that also in the case of eight Li adsorbed on BP there is still significant charge
transfer from the Li to the membrane. In the case of eight Li on BP each Li still transfers
about 0.72e− to the membrane which leads to a total charge transfer of 5.76e−.
Figure 7 shows the charge density difference for a single and five Li on PhG. Like for
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Figure 6: Charge density difference plots for (a) Li in position A on monolayer BP. The
isosurface level is set to 0.001 e/a30. (b) 8 Li on monolayer BP. The isosurface level is set to
0.0025 e/a30. (c) 8 Li between layers of bilayer BP. The isosurface level is set to 0.0025 e/a
3
0.
Blue indicates electron excess and red electron deficiency. Grey balls represent carbon and
pink balls lithium.
BP Fig. 7(a) and (b) show clearly that there is significant charge transfer from the Li to
the membrane. In the case of a single Li adsorbed on the membrane the Li transfers about
0.88e− to the membrane. This is very similar to what was seen for BP. In the case of five
Li on PhG each Li transfers about 0.69e− to the membrane which leads to a total charge
transfer of around 3.48e−.
Figure 7: Charge density difference plots for (a) Li in position A on monolayer PhG. The
isosurface level is set to 0.001 e/a30. (b) 5 Li on monolayer PhG. The isosurface level is set to
0.0025 e/a30. Blue indicates electron excess and red electron deficiency. Grey balls represent
carbon and pink ones lithium.
More details on the interaction of the Li with the membranes is revealed by the partial
density of states (PDOS), shown in Fig. 8. In the single Li case we cans see a large peak in
12
the conduction band from the Li(s) orbital, which shows no overlap with the C(p) orbitals
of its neighbouring carbon atoms. A similar picture is true for the 8Li on BP and 5Li on
PhG cases, but here the peaks from the Li(s) orbital are now broader. The significant charge
transfer and the PDOS indicate that the interaction and nature of the bonding between the
Li and the two membranes is ionic.
Figure 8: Partial density of states for Li adsorbed in position BP and PhG. (a) Single Li in
position A on BP membrane. (b) single Li in position A on PhG membrane. The PDOS,
spin up and spin down, for the s orbital of Li and the p orbital of a representative C are
shown. (c) 8 Li on BP. (d) 5 Li on PhG. The PDOS, spin up and spin down for sum over
all Li(s) orbitals and sum over all C(p) orbitals are shown.
Bilayer BP
BP showed the larger possible capacity and we therefore investigated the bilayer membrane.
The single layer model provides an estimate of the maximum total capacity of the material
while the bilayer model provides an estimate of the upper limit of the possible volume
expansion when the Li are intercalated between the layers of the material. We tested a
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range of different stacking configurations which included AA and several different AB type
configurations. The different AB configurations converged to six stable configurations which
are shown in Fig. 9. However, we found that the AA stacking is preferred. The interlayer
distance for the pristine bilayer system is 3.17 A˚. From the different AB configurations AB3
is the most stable one while AB1 is the least stable configuration.
Figure 9: Stable configurations of AB stackings of the BP membrane. Grey balls represent
carbon.
As for the single layer model, we find that Li binds most strongly when it is above the
C8 ring. Adsorption energies for the A, D and G position are 3.03 eV, 2.94 eV and 2.49
eV, respectively, although the G position is not a minimum energy site as will be seen later.
This shows that the interaction between the Li and the membrane is stronger in a multilayer
configuration. For a single intercalated Li at position A the distance between layers is 3.40
A˚ which corresponds to a 7% expansion.
Figure 10 shows the bilayer model where eight Li have been intercalated between the two
layers. The eight Li form the same configuration as found for the monolayer with an average
adsorption energy of 2.92 eV per Li, which is much higher than the average of 1.83 eV per
Li for the monolayer. As for the monolayer we find no visible distortion to the membrane
even at high loadings which should ensure good stability of the membrane. When the eight
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Li are intercalated we find that the interlayer distance expands to 3.52 A˚ which corresponds
to a 11% expansion which is similar to that of graphite at 10%.5 It should be noted here
again that as this is a bilayer system this expansion can be taken as an upper limit. This
small expansion and the doubling in capacity compared to graphite shows that BP could be
an excellent lithium ion battery anode material.
Figure 10: (a) Top view of eight Li intercalated between layers of bilayer BP, (b) side view.
Grey balls represent carbon and pink balls lithium.
Figure 6(c) shows the charge density difference for the case of eight Li intercalated be-
tween the layers. It is clear that also for the bilayer membrane that the Li transfer significant
charge to the membrane. In the case of eight Li, each Li transfers around 0.84e− to the mem-
branes. PDOS analysis, where we can see a large peak in the conduction band from the Li(s)
orbitals, similar to the picture for the monolayer case, see Fig. 8 shows that the bonding is
mostly ionic.
Transition state barriers for Li mobility
We will now look at the mobility of the Li on both membranes. For BP, possible paths
for the movement of Li are between the C8 ring and the C6 ring (A ↔ D) in Fig. 11(a),
the C8 ring and the C4 square (A ↔ G) in Fig. 11(b), between two C8 rings (A ↔ L) in
Fig. 11(c) and the C6 ring and the C4 square (D ↔ G) in Fig. 11(d). In all the transition
states the Li is located over a carbon-carbon bond. Table 1 shows that the barriers for the
Li to move across the membrane are small, all below 0.45 eV (similar to Li on graphene
which is 0.32-0.46 eV).5 This implies that even Li that are in the most stable position on
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the membrane, position A, are able to move away from it indicating that the Li would be
very mobile across the BP membrane.
Figure 11: Transition state configuration for Li movement in the BP monolayer. The initial
and final positions are indicated by the letter. The Li is shown in its position of the transition
state. Grey balls represent carbon and pink balls lithium.
For PhG there are six possible Li movements, see Fig. 12. As for BP the Li is located
over a carbon-carbon bond. Table 1 shows that for PhG the barriers are slightly smaller
than for BP again indicating very good Li mobility.
The barriers for the monolayer are similar to those found by other studies. Zhou et al.27
found barriers for a Li to move from a C8 ring to a C6 ring to be between 0.455 eV and
0.538 eV in a membrane with a single divacancy in the cell configuration. For a similar Li
hop (BP membrane A-D) we find a barrier of 0.43 eV. They also report a barrier of 0.37 eV
for the Li to move from a C7 ring to a C6 ring in a Stone-Wales defect configuration. We
found the barrier for movement from configuration A to B or A to E for the PhG membrane
to be 0.37 eV and 0.42 eV, respectively. These results are all very similar and it shows that
while defects enhance the adsorption of Li and thereby increase the Li storage capacity, the
barriers for Li movement remain small.
For BP we also investigated how the barriers would change in a bilayer configuration.
If one considers that the adsorption energies for the bilayer membrane were higher than
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Figure 12: Transition state configuration for Li movement in the PhG monolayer. The initial
and final positions are indicated by the letter. The Li is shown in its position of the transition
state. Grey balls represent carbon and pink balls lithium.
for the monolayer we can expect that the barriers for Li movement might also be higher.
This is indeed the case, but the barriers are still relatively small. The barriers in Table 1
show that now position G, over the C4 square is not favoured in a bilayer configuration and
that the Li will most likely be in the C8 and C6 rings. Figure 13 shows the transition state
configurations. Here we can see that for the A to G and A to D transition the transition state
is now with the Li nearly above a carbon atom and not a carbon-carbon bond anymore. In a
multilayer configuration for the hop from the divacancy into a smaller it is more favourable
to go over a carbon atom than over a bond.
These barriers can be compared to those found in graphite (0.218-0.4 eV).5 The barriers
found here are slightly larger than those for graphite but still comparable. We can also
compare these barriers to those found for lithium in graphdiyne which has been shown to
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Figure 13: Transition state configuration for Li movement in the BP bilayer. The initial and
final positions are indicated by the letter. The Li is shown in its position of the transition
state. Grey balls represent carbon and pink balls lithium.
be an excellent anode material experimentally. Barriers for movement from one pore to
another are about ∼ 0.7 eV in graphdiyne.8 All barriers found for BP are smaller than this.
Graphdyine with a barrier of around 0.7 eV (by theoretical studies similar to ours) has been
proven to be an excellent anode material by an experimental study9 which is good evidence
that the barriers found here should ensure a suitable mobility of lithium in BP membrane
when used as an anode material. This indicates that based on Li mobility, BP and PhG
could be useful candidates for anode materials.
Conclusions
We presented results for Li storage on two different 2D membranes. The first is built from
biphenylene building blocks and features regular defects similar to divacancy defects found
in graphene and has already been synthesized. The second, called phagraphene and which is
only theoretically predicted, features regular defects similar to Stone-Wales defects found in
graphene. Our results show that these defects enhance the adsorption of Li on the membrane
leading to an increased capacity that is larger than found for graphite. Charge and electronic
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Table 1: Transition state barriers for Li hopping on BP, bilayer BP (BL-BP) and
PhG. Barriers are given in eV.
transition BP BL-BP transition PhG
A → D 0.43 0.67 A → B 0.37
A → G 0.44 0.67 A → E 0.42
A → L 0.42 0.68 A → F 0.30
G → D 0.02 0.00 B → D 0.22
D → A 0.35 0.58 E → B 0.35
G → A 0.16 0.13 E → F 0.15
D → G 0.21 0.45 B → A 0.31
- - - E → A 0.38
- - - F → A 0.20
- - - D → B 0.17
- - - B → E 0.33
- - - F → E 0.08
analysis showed that the Li atoms transfer a significant amount of charge to each of the
membranes and that the bonding character is ionic. We also found that while the bonding
of the Li to the membrane is strong on BP membrane and PhG, the barriers for Li movement
remain low enough to be overcome under normal battery operation. The expected volume
change for BP membrane on Li insertion is comparable to graphite. Our results show that
2D membranes designed with a regular defect structure present promising new materials for
lithium ion batteries. With BP already been synthesized we hope that our study will spark
new interest in the experimental realization of such materials on a large scale suitable for
commercial production.
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